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Summary

The Aeroassist Flight Experiment (AFE) utilizes
a l4-ft-diameter raked and blunted elliptic cone as a
vehicle to carry instrumentation for 10 experiments
on a Shuttle-launched flight. The flight is to obtain
aerodynamic and aerothermodynamic data for blunt
bodies with velocities near 32000 fps at altitudes
above approximately 245 000 ft. A preflight ground-
based test program was initiated to provide calibra-
tion data for computational fluid dynamics (CFD)
codes that will be used in flight predictions. The
present data are results from a portion of that test
program.

Pressure distributions measured on a 60° half-
angle elliptic cone, raked off at an angle of 73° to the
cone centerline and having an ellipsoid nose (ellip-
ticity equal to 2.0 in the symmetry plane), are pre-
sented for angles of attack from —10° to 10°. The
effects of normal shock density ratio (a real-gas simu-
lation parameter) and Reynolds number on pressure
distributions for the AFE configuration are exam-
ined. The high normal shock density ratio aspect of
a real gas was simulated on measured pressure dis-
tributions by testing at Mach 6 in ideal air (density
ratio equal to 5.25) and in CFy4 (density ratio equal
to 12.0). Reynolds number per foot was varied in
air from 0.60 x 10% to 2.2 x 10°. Pressure distribu-
tions predicted with modified Newtonian theory and
a three-dimensional Fuler code known as HALIS were
compared with measurements for angles of attack of
0°, —10°, and 10°.

A significant effect of normal shock density ra-
tio on pressure distributions in the nose-cone expan-
sion region was observed. That is, typical of real-
gas effects, the magnitude of the surface pressure
in regions of compression such as the nose is rel-
atively unaffected by an increase in density ratio;
however, in regions of expansion such as those that
occur as the flow moves off the nose onto the coni-
cal section, the pressure decreases because of an in-
crease in density ratio. The magnitude of this effect
decreased with increasing angle of attack (effective
bluntness) for the range covered in these tests. The
effect of Reynolds number on pressure distributions
in air was negligible for forebody pressure distribu-
tions, but a measurable effect was noted on base pres-
sures. Pressure distributions predicted with HALIS
were in good agreement with measurement, whereas
those predicted with modified Newtonian theory were
in poor agreement over the cone section for air but
in better agreement for CFy4 over the range of angle
of attack.

Introduction

The transfer of cargo and personnel from low to
high (e.g., geosynchronous) Earth orbit will be an
important phase of future space transportation op-
erations. Special vehicles, formerly referred to as
orbital transfer vehicles (OTV’s) but more recently
referred to as space transfer vehicles (STV’s), will
perform this task. Upon return of the vehicle from
high Earth orbit, its velocity must be greatly reduced
in order to achieve a near circular low Earth orbit.
This decrease in velocity can be achieved either by
use of retro-rockets or by guiding the vehicle through
a portion of the Earth’s atmosphere and allowing
aerodynamic drag forces to act on the vehicle. A
number of studies have indicated that lower propel-
lant loads are required, and therefore payloads can
be increased, for the aeroassist method. (See refs. 1
and 2.) Vehicles being considered for the aeroassist
method, generally referred to as aeroassisted space
transfer vehicles (ASTV’s), will have a high drag and
thus a relatively low lift-drag ratio (I./D) and will
fly at very high altitudes and velocities throughout
the atmospheric portion of the trajectory. Because
of the high altitude, high velocity trajectory, flight
experience is scarce and ground-based facilities are,
in general, not capable of the simulation of the flow
environment.

The proposed trajectory for an ASTV is quite dif-
ferent than that of the Apollo spacecraft or Space
Shuttle orbiter. Also, ground-based facilities are not
well suited to duplicating the high Mach number and
low Reynolds number speed regime in which ASTV’s
fly. Thus, an experimental ASTV flight has been pro-
posed for the purpose of obtaining aerodynamic and
aerothermodynamic data for blunt bodies with veloc-
ities near 32000 fps and at altitudes above approx-
imately 245000 ft. The experimental ASTYV is re-
ferred to as the Aeroassist Flight Experiment (AFE).
A comprehensive discussion of the rationale for this
flight experiment is presented in reference 3, and the
experiments to be performed are described in refer-
ence 4. The AFE vehicle is derived from a blunted
60° halfangle elliptic cone that is raked ofl at 73°
to the centerline. This rake angle produces a circular
rake plane to which a skirt is added to reduce heating
around the base periphery. The vehicle will be trans-
ported in the payload bay of the Space Shuttle orbiter
and launched from the Shuttle into low Earth orbit.
An onboard rocket motor will then be fired which
will propel the vehicle into the atmosphere to simu-
late the velocity and trajectory of a return mission
from geosynchronous orbit. Onboard instrumenta-
tion will measure and record the aerodynamic charac-
teristics and aerothermodynamic environment of this
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entry trajectory, and the data will be used to validate
computational fluid dynamics (CFD) computer codes
and ground-to-flight extrapolations of experimental
data for use in future ASTV designs. The aerody-
namic/aerothermodynamic design of the AFE vehi-
cle, however, must rely on experimental wind tunnel
data and predictions from CFD codes that are cur-
rently in existence or being developed. These codes
must be calibrated with the best available data from
ground-based facilities and then applied to predict
the flight environment.

Since the trajectory of the AFE includes flow
regimes ranging from continuum to free molecular
flow, a substantial portion of this trajectory will
carry the vehicle through conditions resulting in
chemical and thermal nonequilibrium within the sur-
rounding shock layer. Also, chemical nonequilibrium
effects may be important well into the continuum
range. (See, for example, refs. 5 and 6.) Although
most of the AFE flight environment cannot be ad-
equately simulated in ground-based facilities, these
facilities contribute substantially to the understand-
ing of certain aspects of the flight environment and
provide a valuable point for the calibration of CFD
codes. For example, real-gas effects in high velocity
flight are the result of excitation of vibration, dis-
sociation, and ionization energy modes of the atmo-
spheric gas as it passes through the bow shock of the
vehicle. As dissociation is initiated and driven to-
ward completion, the density ratio across the normal
portion of the bow shock increases to values two to
three times those obtained in conventional-type, hy-
personic air or nitrogen wind tunnels. For blunt bod-
ies at hypersonic speeds, the primary factor govern-
ing the shock standofl distance and inviscid forebody
flow is the normal shock density ratio. (See refs. 7,
8, and 9.) Therefore, certain aspects of a real gas
in thermochemical nonequilibrium can be simulated
by the selection of a test gas having a low ratio of
specific heats which provides large values of density
ratio. These conditions can be obtained in the Lang-
ley Hypersonic CF, Tunnel at Mach 6. This tun-
nel, in conjunction with the Langley 20-Inch Mach 6
Tunnel, provides the capability to test a given model
at the same free-stream Mach number and Reynolds
number but at two values of density ratio (5.25 in air
and 12.0 in CFy); this value of density ratio for CFy
is closer to the maximum value expected in flight,
which 1s about 16-18.

A set of high-fidelity AFE configuration models
was designed, constructed, and tested at the Lang-
ley Research Center to obtain both aerodynamic and
aerothermodynamic data over a wide range of con-
ditions as discussed in reference 10. Results from
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experimental studies performed on this configuration
are presented in references 11, 12, and 13. Also, CFD
codes were applied to the proposed configuration and
include the prediction of forces and moments, sur-
face pressure distributions, and heating distributions.
(See refs. 5, 6, and 11 through 18.) The purpose of
this paper is twofold: (1) to present data illustrat-
ing the effect of density ratio on pressure distribu-
tions over a range of angle of attack for the AFE
and (2) to compare these experimental test results
with those predicted by an inviscid flow-field code
referred to as HALIS (ref. 14). These experimental
data and comparisons with predictions are expected
to be of significant interest to the designers of the
AFE aeroshell and to the principal investigators of
the various onboard experiments.

Symbols

Cu pitching-moment coefficient

Cp pressure coefficient, P~ Px

doo

Cpref reference pressure coeflicient,,

P2 — Poo
Joo

L model base length in symmetry
plane, in. (see fig. 2)

M Mach number

P pressure, psi
dynamic pressure, psi

Re unit Reynolds number per foot

r radius, in.

s wetted surface length from geo-
metric stagnation point, in. (see
fig. 5(b))

T temperature, °R

U velocity, fps

Y, z vertical and axial coordinates for
AFE (see fig. 5)

o angle of attack, deg

¥ ratio of specific heats

p density, Ibm /ft3

d ray angle from geometric stagnation
point, deg (see fig. 2)

Subscripts:

b base

ref reference



t,1 reservolr conditions

t,2 stagnation conditions behind
normal shock

2 static conditions behind normal
shock

00 free-stream static conditions

Abbreviations:

AFE Aeroassist, Flight Experiment

CFy tetrafluoromethane

ESP electronically scanned pressure

VDC volts direct current

Apparatus and Tests

Facilities

Langley Hypersonic CF4 Tunnel. The Lang-
ley Hypersonic CF4 Tunnel is a blowdown wind tun-
nel that uses tetrafluoromethane (CFj), which has
a relatively low (in comparison to air) ratio of spe-
cific heats, as the test gas. The CFy4 is heated to a
maximum temperature of 1530°R by two lead bath
heaters connected in parallel. The maximum reser-
voir pressure is 2500 psia. Flow is expanded through
an axisymmetric, contoured nozzle designed to gen-
erate a Mach number of 6 at the 20-in-diameter exit;
this facility has an open-jet test section. A detailed
description of the CF4 Tunnel, along with calibration
results, is presented in reference 19.

Langley 20-Inch Mach 6 Tunnel. The Lang-
ley 20-Inch Mach 6 Tunnel is also a blowdown wind
tunnel but uses dry air as the test gas. The air 1s
heated to a maximum temperature of 1088°R by an
electrical resistance heater, and the maximum reser-
voir pressure is 525 psia. A fixed geometry, two-
dimensional, contoured nozzle with parallel sidewalls
expands the flow to Mach 6 at the 20-in. square test
section. A description of this facility and the calibra-
tion results are presented in reference 20.

Model

A photograph and a sketch of the 0.022-scale
(3.67-in. symmetry plane base length) pressure model
are shown in figure 1. The AFE vehicle shape is
derived from a 60° half-angle elliptic cone that is
raked off at 73° to the centerline, producing a circular
rake plane. The cone 1s blunted with an ellipsoid
nose (ellipticity equal to 2.0 in the symmetry plane)
which is tangent to the cone at all points of their
intersection. A skirt, having an arc radius equal to

one tenth the diameter of the rake plane and an arc
length corresponding to 60°, has been attached to the
rake plane in order to reduce heating in the corner
region. The circular arc is tangent to the cone in
all meridional planes. A detailed description of the
analytical shape of the configuration is presented in
reference 21.

Two AFE pressure models were machined from
stainless steel, each with a wall thickness of 0.20 in.
The first has 67 windward surface pressure orifices
with two additional orifices located on the flat base
(fig. 2). During fabrication and tubing of the first
model, a number of particularly important orifice
tubes were found to leak and could not be repaired
because of the close proximity of the tubes. Thus, a
second model was fabricated to include those orifices
and, in order to add credibility to the data, repeat a
number of other orifices on the first model. Pressure
orifices are distributed along seven rays emanating
from the geometric stagnation point, as shown in fig-
ure 2, and are 0.040 in. in diameter. T'wo base pres-
sure orifices are located along the 0° and 180° rays on
the base (L7_/2 = 0.782) and are 0.060 in. in diameter.
Models were sting mounted with a sting-to-base area
ratio of 0.074; the constant diameter sting extended
12 in. beyond the base plane. This model mounting
arrangement was used in all facilities. Both mod-
els were cut on a numerical milling machine from a
tape generated with the geometry program described
in reference 21. Since this geometry is also used to
generate the geometry in the HALIS code (discussed
subsequently), differences between the experimental
and theoretical model were measured and found to
be within a machining tolerance of +0.003 in.

Test Conditions

Flow conditions in the Hypersonic CF4 Tunnel
and the 20-Inch Mach 6 Tunnel were determined from
the measured reservoir pressure, reservoir tempera-
ture, and pitot pressure at the test section as dis-
cussed in references 19 and 20. Calculated nomi-
nal reservoir and test-section flow conditions for the
present study are presented in table I for the two
reservoir pressure settings in the 20-Inch Mach 6
Tunnel and for the reservoir pressure setting in the
Hypersonic CF4 Tunnel. These reservoir pressure
settings resulted in nominal free-stream Reynolds
numbers based on length of 2.05 x 10° and 6.61 x 10°
in air and 1.76 x 10° in CF 4.

The angle of attack, defined as the incidence
between the flow direction and axis of the 60° half-
angle elliptic cone (fig. 1(b)), was varied from —10°
to 10° in 5° increments. The yaw angle was zero for
all tests.



Instrumentation

Model surface pressures were measured with an
electronically scanned pressure (ESP) systemin both
wind tunnels. Each scanner consists of 32 or 48 sil-
icon pilezoresistive pressure transducers mounted to
a common substrate. All analog outputs are multi-
plexed within the sensor and are amplified to pro-
vide a full-scale output of £5 VDC nominally. A
more detailed description of the ESP scanners may
be obtained from reference 22. In addition to the
ESP system, several variable-capacitance diaphragm
transducers were also used. These transducers have
seven ranges of pressure with the maximum being
20 psi. In order to provide confidence in the measured
results, three model orifices and a tunnel total pres-
sure probe were connected to both the ESP system
and to a variable-capacitance diaphragm transducer
by use of a tee. This approach was taken since the
present study was the first large-scale pressure test

with the ESP system in the 20-Inch Mach 6 Tunnel.

Schlieren photographs of the AFE configuration
were obtained in Mach 6 air and CFy4. (See fig. 3.)

Data Reduction and Uncertainty

As mentioned previously, both the ESP scanners
and the variable-capacitance diaphragm transducers
were used to measure pressures simultaneously over
several locations on the model. Pressure measure-
ments between the ESP system and the variable-
capacitance diaphragm transducers generally agreed
to within 0.5 percent; the maximum difference ob-
served was 1.5 percent. Repeatability within a run,
for which the first and last points were repeats of
one another (i.e., same attitude and flow conditions),
indicated that measurements made with the ESP sys-
tem could be repeated to within 1.0 percent; run-to-
run repeatability was within 2.0 percent. Repeata-
bility between pressure measurements made with the
two different models at the same orifice locations
was within 1-2 percent. Of particular concern in
pressure measurements is the time required for the
pressure transducers to stabilize at the true value of
pressure at the model surface (lag time) for a par-
ticular set of test conditions. In the present tests,
pressure tube lengths from the orifice to the mea-
suring device were about 5 ft in the 20-Inch Mach 6
Tunnel and 3 ft in the CF4 Tunnel. The ESP mod-
ules were located within an insulated box positioned
at the base of the strut assembly. (See fig. 4.)
For this arrangement, typical settling times for sur-
face pressures measured on the windward face were
within 2.0 sec from the moment of insertion into the
flow, whereas base pressures required approximately
5.0 sec to reach a steady-state value. The relatively
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large volume variable-capacitance diaphragm trans-
ducers, however, required longer settling times of ap-
proximately 5 to 10 sec to reach a constant value on
the windward face.

The tunnel run time was sufficient, to obtain con-
stant values of surface pressure for both measuring
systems. (Run times in the Hypersonic CF4 Tun-
nel and the 20-Inch Mach 6 Tunnel were 15 sec and
2.5 min, respectively.) The uncertainty of the pres-
sure measurements presented herein for the forebody
is believed to be less than 4+2.0 percent. The un-
certainty in base pressure measurements presented
herein i1s believed to be approximately £5 percent.

The measured pt 9 from the pitot probe mounted
in the 20-Inch Mach 6 Tunnel was generally 2.0 per-
cent less than that measured at the geometric stag-
nation point (s/L = 0.0) of the model at o = (°. For
this reason, prre[ was adjusted by 2.0 percent so that
the ratio of measured local pressure at the geometric
stagnation point to the measured stagnation pressure
behind a normal shock at a = 0° was set to unity.
Following the discussion presented in reference 20, a
correlation of p;9 at this condition was established
for all other conditions so that C rof 1nferred from
the pitot pressure was adjusted by 2.0 percent for
all values of a. The measured p;9 from the pitot
probe mounted in the Hypersonic CF4 Tunnel was
within 0.5 percent of the pressure measured at the
geometric stagnation point of the model at o = (°.
Thus, no adjustment of Uy ;e was made for pressure
measurements in CFy.

The shock detachment distance was read man-
ually from schlieren photographs with the use of a
digitizing system. The maximum uncertainty in mea-
sured shock detachment distance is believed to be less
than b percent.

Prediction Method

The method used to predict surface pressure dis-
tributions is known as the HALIS (High ALpha Invis-
cid Solution) Code and is discussed in greater detail
in references 14, 15, 23, and 24. HALIS is a time-
asymptotic method which solves the time-dependent,
three-dimensional, compressible Euler equations and
was developed for the CDC® CYBER 205 computer
system (ref. 23), which is a vector-processing system.
The use of vector processing allows HALIS to com-
pute the flow field over complex three-dimensional
bodies with large embedded subsonic regions in ap-
proximately 60 to 75 min on the CYBER 205. The
geometry over which calculations were made and the
wind tunnel model are the same except for the down-
stream aft corner of the model. As discussed in refer-
ence 14, HALIS cannot account for the expansion of



flow around the aft portion of the skirt and into the
base region. To prevent the onset of computational
instabilities due to flow expansion around the skirt, a
cylindrical extension was added. This extension lies
parallel to the z axis (fig. 5) and is tangent to the aft
body; thus, a small portion of the vehicle (primarily
on the lower portion of the skirt) is not properly mod-
eled. However, the difference between this “computer
code model” and the vehicle geometry has a negli-
gible effect on comparisons between measured and
predicted pressure distributions. The basic inputs
to HALIS, in terms of flow conditions, were nom-
inal values of My, and 7. for the air tests, since
the air behaved ideally. HALIS was modified prior
to this study to include the thermodynamic proper-
ties of CFy4 (ref. 24); thus, this code was exercised
with the thermodynamic relations for CFy (ref. 25)
as opposed to a Mach number and effective 7. The
computational results presented herein were gener-
ated by K. James Weilmuenster of the Space Systems
Division, Langley Research Center.

Pressure distributions predicted with modified
Newtonian theory (Cp max = Cp,ref) are presented
herein. Surface deflection angles used in the Newto-
nian calculations were generated with the body sur-
face derivatives obtained from the geometry code of
reference 21.

Results and Discussion

The effects of angle of attack, Reynolds num-
ber, and normal shock density ratio on pressure dis-
tributions measured on the Aeroassist Flight Ex-
periment configuration, as well as accompanying
comparisons with prediction, are presented herein.
Measured and predicted pressure distributions are
presented in terms of local pressure coefficients nor-
malized by a reference pressure coefficient and plot-
ted as a function of wetted surface length nondimen-
sionalized by the base length in the symmetry plane.
These data are presented for the seven rays, namely
0° and 180°, 225°, 250°, 270°, 290°, and 315° as
measured in a clockwise fashion from the 0° ray and
emanating from the geometric stagnation point. (See

fig. 2(a).)

Measured pressure distribution data in air are
presented in tables IT and 11T for low and high reser-
voir pressure conditions (i.e., low and high Reynolds
number conditions) in the 20-Inch Mach 6 Tunnel,
respectively. Tabulated pressure distribution data
measured in the Hypersonic CF4 Tunnel are pre-
sented in table TV.

Effect of Normal Shock Density Ratio on
Shock Shapes

The effect of normal shock density ratio on shock
shapes is presented for Mach 6 air (p2/pec = 5.25%
and CFy (p2/pc = 12.0) at Re; = 2.0 x 10°
in figure 6 for &« = —10°. When density ratio is
increased from 5.25 for air to 12.0 for CFy4, the shock
detachment distance decreases as expected (ref. 26).
For o < 0°, an inflection was noted in the shock
shape for CF4 downstream of the nose-cone junction.
For air test gas, an inflection in the shock shape
was also observed but only for « = —10°. This
inflection 1s indicative of a flow overexpansion process
(discussed subsequently) and is most pronounced for
CFy test gas at low angles of attack. The effect of
angle of attack on shock shapes in Mach 6 air and
CFy4 for the AFE is discussed in greater detail in
reference 12.

Effect of Angle of Attack on Pressure
Distributions

Measured pressure distributions for the AFE con-
figuration in air and CF4 are presented in figures 7
and 8 for a range of angle of attack and a nominal
Reynolds number of 6.61 x 10° and 1.76 x 107, re-
spectively. The variation of the pressure coefficient
ratio C/Cyp ret with wetted surface length s/L for
the symmetry plane (® = 0° and 180°) is presented
in figures 7(a) and 8(a). Along the ® = 0° ray, the
pressures are well behaved and increase with decreas-
ing . For the Mach 6 air data, a slight overexpan-
sion of the flow from the ellipsoid nose to the con-
ical surface is observed along the @ = 180° ray for
a = —10°, whereas an inflection in the pressure dis-
tribution near the nose-cone junction (s/L = 0.22)
is noted at &« = —5° and 0°. For o < 5° in Cly
test gas (fig. 8(a)), a pronounced overexpansion of
the flow from the ellipsoid nose to the conical surface
is observed. Also, an inflection at the nose-cone junc-
tion is noted for & = 10°. This overexpansion and /or
inflection is due to the influence of the cone section
on the expansion over the nose. For a > (0° and
air test gas, the pressure decreases monotonically on
the cone section in the direction of the cone corner
junction (s/L = 0.76). Also noted for the symmetry
plane 1s the characteristic movement of the region
of maximum pressure with varying angle of attack.
As « is decreased from zero, the stagnation region
is relatively well-defined and moves farther up and
around the elliptical nose along the & = 0° ray, as ex-
pected. However, as « 1s increased from zero, for the
Mach 6 air data, the stagnation region is not as well-
defined and takes the appearance of a relatively large
constant pressure area centered between the nose
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(s/L = 0.0) and the juncture of the elliptical nose
and conical surface (s/L = 0.22).

As noted in the experimental distributions, the
flow over the nose and cone section is subsonic
(M < 1) near the surface for all values of « in air;
however, for the Mach 6 CF4 data at o« = —10°, the
flow near the surface overexpands to a sonic (M =1)
condition at the ellipsoid nose-cone junction and re-
mains near a sonic condition over the entire cone sec-
tion. (Note that if the flow within the shock layer
expands isentropically from the stagnation region, it
will become supersonic when Cp/C), rof < 0.5175 for
air and C},/C), ¢ < 0.5658 for CFy.) The 20° varia-
tion in « presented in figures 7(a) and 8(a) produces
a wider variation in pressure ratio on the cone section
for CF4 than air.

As illustrated by flow field calculations in refer-
ence 14 and presented for Mach 10 air, the flow field
for air (fig. 9(a)) is dominated by subsonic flow near
the surface at all angles of attack. However, as the
angle of attack is decreased the amount of subsonic
flow within the forebody shock layer decreases. Since
the subsonic region on the body surface terminates
at the skirt, it allows the expansion about the skirt to
feed upstream and alter the surface pressure distribu-
tions, as observed in figure 7. (These shock shapes
and shock layer sonic region comparisons are simi-
lar to those for Mach 6 air.) For similar predictions
with CF4 as the test gas (fig. 9(b)), where the normal
shock density ratio is much higher than air (11.90
compared with 5.25 for Mach 6) and 4 within the
shock layer is also much lower (1.12 compared with
1.40), there are significant changes in the flow field.
At o = 10°, the flow field would be predominantly
subsonic like in air; however, as the angle of attack
is decreased, the region of subsonic flow is dimin-
ished until finally at @ = —10° the subsonic region
is confined to a small area about the vehicle nose.
A comparison of forebody flows for air (fig. 9(a))
at @ = 0° and CFy (fig. 9(b)) at o = 10° reveals
that the flow field is predominately subsonic for both
cases. Likewise, since the forebody flow characteris-
tics are very similar, the pressure distributions reflect
these similarities as observed in figures 7 (a = 0°)
and 8 (o = 10°). A further example is noted when
forebody flows for air (fig. 9(a)) at &« = —10° and
CF4 (fig. 9(b)) at @ = 0° are compared. At these
angles of attack, the region of subsonic flow within
the forebody shock layer has been greatly decreased.
The extent to which the expansion of the flow about
the skirt influences the surface pressure distributions
is also greatly diminished and is observed in the pres-
sure distributions presented in figures 7 and 8. (See,
for example, o = —10° (fig. 7) and o = 0° (fig. 8).)
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Changes in surface pressure brought about by
variations in the flow field ultimately alter the aero-
dynamic characteristics of the vehicle as illustrated in
references 12 and 14. For instance, of the basic aero-
dynamic forces and moments, the pitching-moment
coefficient for this configuration is the most sensitive
to variations in pressure distributions. By varying
the surface pressure distribution caused by the vari-
ations in density ratio, the vehicle trims (point at
which moments about the center of gravity are zero)
at a substantially lower angle of attack in CF4 than
in air. (See fig. 10.) Also, greater longitudinal stabil-
ity (more negative slope of pitching-moment coeffi-
cient versus angle of attack) is achieved from tests of
this configuration performed in CF4 over those per-
formed in air. The wind tunnel results in CFy4 are
believed to be a better simulation of flight data since
the shock detachment distance (and ultimately the
forebody flow field) is closer to the distance predicted
for flight than air.

For the ® = 225° ray (figs. 7(b) and 8(b)), the
flow is observed to overexpand from the ellipsoid
nose onto the cone section for &« < 0° in air and
for @ < 5° in CF4. Again, C'p/Cp’[.e[ decreases as
« is decreased. The pressure coeflicient ratio along
the ® = 250° ray is less variant with angle of at-
tack and is nearly the same (i.e., within +2 percent)
for 0° < a < 10° in air. This is not true, how-
ever, for the CF4 data, which exhibit trends similar
to those observed for ® = 225°. Along the ® = 270°
ray (figs. 7(c) and §(c)), which is orthogonal to the
symmetry plane, values of Cp/C) rer for air and CFy
are essentially independent of changes in angle of at-
tack (—10° < o < 10°) collapsing to within +2.7 per-
cent for s/L < 0.4. For the & = 290° and 315°
rays, Cp/Clp ref 15 again dependent on « and increases
with decreasing «. This increase in pressure is con-
sistent with the movement of the stagnation region
farther up onto the ellipsoid nose as & becomes more
negative.

As shown subsequently, the effect of angle of
attack on base pressure coefficient was small.

Effect of Reynolds Number on Pressure
Distributions

Pressure distributions for two values of Reynolds
number in air, namely 2.05 x 10° and 6.61 x 105,
are shown in figure 11. As expected, for this factor-
of4 variation in Reynolds number, there is a negl-
gible effect on forebody pressure distributions; this
was true for all angles of attack. However, Reynolds
number does influence base pressures for the AFE as
shown in figure 11(d) for air. The base pressure co-
efficient decreases with increasing Reynolds number



over the range of angle of attack. Also, the differ-
ence in base pressure coefficient between the upper
and lower orifices decreases with increasing Reynolds
number. Similar results were noted for base pressure
coefficients measured in CFy. Sting interference ef-
fects on the present base pressures are unknown.

Effect of Normal Shock Density Ratio on
Pressure Distributions

Pressure distributions at various angles of attack
in air and CF4 are presented in figures 12, 13, and 14.
By generating a density ratio (p2/poc) in CFy which
is over twice that of ideal air, the CF4 Tunnel simu-
lates more closely the high density ratio aspect of dis-
sociated equilibrium air which occurs in flight. (See
refs. 7,8, 19, and 26.) (This does not imply, however,
that real-gas chemistry is simulated (ref. 27).) Thus,
comparing CF4 and air results provides a method for
approximating equilibrium real-gas effects on pres-
sure distributions of blunt bodies. As noted in the
section “Test Conditions,” free-stream Mach number
and Reynolds number for the low pressure air con-
dition and the CF,4 condition are nearly matched.
Because the air data indicated a negligible effect of
Reynolds number on measured forebody pressure dis-
tributions, data comparisons between air and CFy
are assumed to be independent of Reynolds number.

As noted in figures 12(a), 13(a), and 14(a) for
the ® = (0° ray, the air and CF4 data are in close
agreement with one another; that is, both the air
and CF4 undergo similar expansions from the geo-
metric stagnation point to the corner. Looking now
at the @ = 180° ray and o = 0° (fig. 12(a)), the
CF4 experiences an overexpansion of the flow from
the elliptical nose onto the conical surface, whereas
the air does not. For CFy, Cp/C), rf is approximately
15 percent less at s/L = 0.22 than for air. Thus, typ-
ical of real-gas effects, the magnitude of the surface
pressure in regions of compression such as the nose is
relatively unaffected by an increase in density ratio;
however, in regions of expansion such as those that
occur as the flow moves off the nose onto the conical
section, the pressure decreases because of an increase
in density ratio or a decrease in ratio of specific heats.
For o < 0° (figs. 12(a) and 13(a)), the CF4 results
recover to a nearly constant value of C},/C), .y down-
stream of the overexpansion region (i.e., on the cone
section: 0.4 < s/L < 0.76), whereas the air results
decrease monotonically to the corner. One explana-
tion for the drop in pressure near the corner for air is
the acceleration of the subsonic flow to a sonic con-
dition. Recall that if the flow within the shock layer
expands isentropically from the stagnation region, it
becomes supersonic when Cp/C) ref < 0.5175 for air

and €y /'), 1o < 0.5658 for CFy. Thus, since the flow
over the conical section for CF4 has expanded closer
to a sonic condition than for air, it requires less ac-
celeration at the corner than air. Also, as discussed
in a previous section, “Effect of Angle of Attack on
Pressure Distributions,” similar sonic line geometries
are observed to produce similar pressure distribu-
tions (Le., compare sonic line geometries for o = 0°
in CFy (fig. 9(b)) and e = —10° in air (fig. 9(a)) and
compare pressure distributions for o« = 0° in CFy
(fig. 12(a)) and o = —10° in air (fig. 13(a))). For
these angles of attack, the amount of subsonic flow
within the forebody shock layer has decreased signif-
icantly, and the extent to which the expansion of the
flow about the skirt influences forebody pressure dis-
tributions has also decreased. Jones and Hunt (ref. 9)
measured pressure distributions on a variety of large-
angle sharp (sonic) corner cones in hypersonic air,
CFy4, and helium flows. These findings for both sharp
and blunted axisymmetric 50°, 60°, and 70° co